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1.  Abstract 

In  light  of  the  theoretical  and  experimental  advances  developed  throughout  the  program,  we  have 
focused  our  efforts  along  three  main  experimental  vectors:  (1)  developing  high-quality  GaSb-based 
dilute-nitride  active  regions,  (2)  demonstrating  the  first  ErSb  nanoparticle-enhanced  tunnel  junctions  for 
low-loss  laser  structures,  and  (3)  developing  a  nitrogen-free  AlGaAsSb/InGaAsSb  laser  structure  that  is 
compatible  with  incorporating  dilute-nitride  active  regions  (i.e.  grown  at  low  temperatures)  and  ErSb 
nanoparticle-enhanced  tunnel  junctions.  We  review  the  progress  in  all  three  areas,  which  indicate  that 
high-performance  mid-IR  dilute-nitride  lasers  are  now  achievable. 

We  have,  for  the  first  time,  achieved  a  generalized  understanding  of  dilute-nitride  growth,  which 
is  necessary  because  of  the  differences  between  GaSb-based  dilute-nitrides  and  the  conventional  GaAs- 
based  dilute-nitrides.  These  insights,  developed  in  the  course  of  this  program,  enabled  the  first 
demonstration  of  room  temperature  photoluminescence  of  GaSb-based  dilute-nitrides  (previous  reports 
have  only  been  at  low  temperatures). 

We  have  also  demonstrated  the  first  ErSb  nanoparticle-enhanced  tunnel  junctions  on  GaSb  and 
have  found  that  -  even  with  very  low  p-doping  -  the  tunnel  junctions  have  sufficient  conductivity  for 
laser  applications.  This  is  a  very  exciting  development  as  we  now  have  a  path  to  greatly  reduce  the 
internal  loss  of  GaSb-based  diode  lasers,  without  compromising  the  electrical  characteristics  (i.e. 
electrical  resistance). 

We  have  developed  and  grown  an  AlGaAsSb/InGaAsSb  laser  structure,  targeting  a~2.8  pm,  to 
use  as  a  testbed  for  the  dilute-nitride  active  regions  and  the  tunnel  junctions. 

2.  Growth  of  High-Quality  Dilute-Nitride  Materials 

Achieving  high  optical  quality  is  essential  for  incorporating  dilute-nitride  active  regions  into 
mid-IR  lasers.  We  have  previously  achieved  high  structural  quality  GaNSb,  containing  up  to  1.8% 
nitrogen  (Fig.  1).  We  have  identified  the  major  causes  of  optical  quality  degradation  in  dilute-nitride 
antimonides  and  have  addressed  many  of  them  in  this  program.  In  particular,  we  believe  that  we  have 
definitively  identified  the  ideal  growth  regime  for  GaSb-based  dilute-nitride  active  regions,  for  the  first 
time.  The  growth  window  differs  significantly  from  that  of  the  GaAs-based  dilute-nitrides,  which  has 
necessitated  that  we  fundamentally  re-engineer  our  approach  to  growing  dilute-nitrides  -  the  result  is  the 
first  generalized  understanding  of  the  growth  space  of  this  important  class  of  materials. 

First,  there  is  the  issue  of  optimal  plasma  operating  parameters,  which  involves  optimizing  three 
main  variables,  namely,  plasma  power,  flow-rate,  and  deflector  plate  voltage.  These  three  parameters 
need  to  be  optimized  simultaneously,  as  changing  any  one  affects  the  other  two.  There  are  several 
reports  of  optimal  plasma  conditions  (power/flow  combinations)  in  the  literature,  and  we  have  been 
operating  our  plasma  cell  under  these  conditions.  These  conditions  minimize  the  energy  of  ions  and 
neutral  species  that  are  emitted  from  the  plasma  cell.  After  choosing  a  power/flow  combo  that  generates 
the  least  energetic  ions  and  neutral  species,  we  prevent  the  ions  from  reaching  the  substrate  by  using  dc- 
biased  deflector  plates.  The  voltage  applied  to  the  deflector  plates  was  optimized  using 
photoluminescence  (PL)  structures  of  GaNAs  QWs,  embedded  in  GaAs. 

The  second  major  -  and  more  formidable  -  cause  for  degradation  in  the  optical  quality  of  dilute- 
nitride  antimonides  is  the  fraction  of  nitrogen  that  incorporates  as  interstitials.  Consistent  with  literature, 
and  confirmed  by  our  high-resolution  X-ray  diffraction  (HR-XRD)  and  secondary  ion  mass 
spectrometry  (SIMS)  studies,  we  have  determined  that  a  major  fraction  of  the  non-substitutional 
nitrogen  incorporates  as  Sb-N  split  interstitials,  if  the  growth  conditions  are  non-optimal.  The  Sb-N 
interstitial  dilates  while  substitutional  N  shrinks  the  lattice.  Hence,  the  formation  of  Sb-N  nitrogen  is 
energetically  favorable  at  the  growth  front  to  minimize  strain.  Therefore,  using  HR-XRD  alone  to 
determine  the  total  N  incorporation  provides  misleading  results.  We  believe  that  N  initially  incorporates 
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substitutionally  but  then  tends  to  surface  segregate  and  form  Sb-N  interstitials,  if  sufficient  energy  is 
available.  The  formation  of  Sb-N  interstitial  in  dilute-nitride-antimonides  is  substantially  stronger  issue 
than  the  formation  of  As-N  interstitials  in  the  case  of  dilute-nitride-arsenides,  due  to  the  greater  Sb-N 
bond  strength  and  proportional  strain  reduction  (greater  electronegativity  mismatch  between  Sb  and  N). 
This  can  be  observed  indirectly  because  the  GaAs  surface  can  be  driven  nitrogen-rich  and  phase 
segregates  at  high  growth  temperatures,  while  the  GaSb  surface  does  not  become  nitrogen -rich, 
indicating  that  the  surface  segregating  nitrogen  atoms  incorporate  into  the  lattice  in  some  other  form 
(Sb-N  split  interstitials).  We  also  believe  the  large  fraction  of  Sb-N  split  interstitials  is  responsible  for 
the  p-type  doping  of  GaNSb  with  large  nitrogen  concentrations,  as  seen  in  literature. 


Qnsgato) 

Figure  1.  HR-XRD  around  the  (004)  reflection  (black  curve)  and  simulation  (red  curve)  for  a  100  nm  thick 
GaNSb  layer. 


(a)  (b) 

Figure  2.  (a)  Sketch  of  substitutional  nitrogen  incorporation,  with  growth  temperature.  Higher  growth  rates 
and  lower  growth  temperatures  kinetically  limit  undesirable  interstitial  nitrogen  incorporation,  (b) 
Generalized  picture  of  nitrogen  incorporation,  illustrating  the  dependence  on  growth  rate  (GR).  The  ideal 
growth  window  is  highlighted  in  red. 


Our  generalized  view  of  the  growth  parameter  space  of  dilute-nitrides  is  summarized  in  Figs.  2a 

and  b,  where  the  growth  must  be  sufficiently  kinetically  limited  that  the  nitrogen  incorporation 

(determined  with  HR-XRD)  is  independent  of  growth  temperature  -  in  other  words,  nitrogen 

incorporates  entirely  substitutionally.  At  elevated  temperatures,  the  apparent  nitrogen  incorporation 
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increases  because  of  split  interstitial  formation,  degrading  optical  quality  (blue  arrow  in  Fig.  2a).  It  is 

clear  from  the  experimental  data  in  Fig.  3a  and  3b  that  both  lowering  the  growth  temperature  and 
increasing  the  growth  rate  kinetically  limit  this  surface  segregation  process,  decreasing  the  fraction  of 
Sb-N  interstitials.  From  this,  we  have  concluded  that  the  optimal  growth  space  that  minimizes  Sb-N 
interstitials  is  when  the  percentage  of  nitrogen  incorporation  measured  using  XRD  becomes  temperature 
independent,  as  seen  under  certain  growth  conditions  in  Figs.  3a  and  3b.  Reducing  the  nitrogen  flux 
(Fig.  3b,  blue  curve)  enabled  us  to  reach  the  growth  regime  where  the  nitrogen  incorporation  becomes 
completely  independent  of  growth  temperature.  Further  studies  involving  SIMS  and  Nuclear  Reaction 
Analysis  Rutherford  Backscattering  Spectrometry  (NRA-RBS)  are  underway  to  confirm  that  this  growth 
regime  indeed  minimizes  the  fraction  of  non-substitutional  nitrogen. 
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Figure  3.  (a)  Nitrogen  incorporation  trend  with  growth  temperature,  measured  using  HR-XRD,  for 
different  growth  rates.  Higher  growth  rates  and  lower  growth  temperatures  kinetically  limit  interstitial 
nitrogen  incorporation,  (b)  Nitrogen  incorporation  with  growth  temperature,  measured  using  HR-XRD,  for 
different  plasma  conditions.  Lower  nitrogen  flux  leads  to  more  complete  substitutional  incorporation  of 
nitrogen,  for  a  given  growth  temperature  and  growth  rate. 


Figure  4.  Complete  picture  of  the  optical  quality  of  dilute-nitrides,  versus  growth  temperature  (shown  for  a 
given  growth  rate  and  optimized  plasma  conditions).  The  growth  temperature  is  limited  on  the  low  end  by 
point  defect  formation  and  on  the  high  end  by  split  interstitial  formation. 

We  have  identified  the  growth  space  that  minimizes  the  fraction  of  interstitial  nitrogen  species, 
enabling  the  first  high  optical  quality  dilute-nitride  antimonides.  In  the  future,  we  must  optimize  the 
growth  window  further  because,  as  sketched  in  Fig.  4,  growth  at  too  low  temperatures  results  in  point 
defect  formation  that  also  degrades  the  optical  quality.  However,  after  identifying  the  general  growth 
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window  for  dilute-nitride-antimonides,  we  proceeded  to  develop  active  regions  grown  under  these 
optimal  conditions.  Unfortunately  the  optical  quality  remained  poor  yielding  no  room  temperate  PL, 
consistent  with  other  literature  reports,  despite  mitigating  Sb-N  split  interstitial  formation.  For  nitrogen 
atoms  to  surface  segregate,  they  require  some  source  of  energy  to  overcome  the  potential  barrier  for 
segregation.  Reducing  the  substrate  temperature  eliminated  this  source  of  energy  for  the  surface 
segregating  nitrogen  atoms. 

Since  optical  quality  did  not  improve,  we  examined  whether  there  were  some  other  impurities 
originating  from  our  nitrogen  plasma  source,  which  could  be  degrading  the  optical  quality.  To  this  end, 
we  carefully  baked  and  leak-checked  the  nitrogen  gas  delivery  manifold  samples  and  then  grew  a 
structure  where  the  plasma  source  was  running  but  the  nitrogen  shutter  was  kept  closed  to  see  if  there 
were  significant  quantities  of  background  impurities,  using  the  sample  structure  shown  in  Fig.  5a.  As 
seen  in  Fig.  5b,  the  degradation  in  optical  quality  was  small  and  could  not  explain  the  dramatic 
degradation  in  optical  quality  when  the  nitrogen  shutter  was  left  open  for  growing  a  dilute-nitride  layer. 


GaSb  cap  (lOnm) 

AlSb  carrier  blocking  layer  (5nm) 
GaSb  (50nm) 
InGaSb(N)  QW  (lOnm) 

GaSb  buffer  (200nm) 

(100)  UID  GaSb  substrate 
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Figure  5.  (a)  Layer  structure  for  optical  quality  studies,  (b)  PL  spectra  including  the  first  room-temperature 
PL  emission  from  a  dilute-nitride-antimonide  active  region  on  GaSb,  using  the  nitrogen  pulsing  technique. 


Our  subsequent  hypothesis  was  that  there  must  be  some  other  source  of  energy  helping  the 
surface  segregation  of  nitrogen  atoms.  The  nitrogen  plasma  source  generates  highly  energetic  species 
during  operation.  The  ions  can  be  filtered  out  electrostatically  using  deflection  plates;  however,  the 
energetic  neutrals  can  impinge  on  the  substrate  and  provide  energy  for  the  surface  segregation  of 
nitrogen  atoms.  To  investigate  this,  we  developed  a  novel  technique  for  incorporating  nitrogen,  while 
minimizing  the  amount  of  energetic  species  impinging  on  the  substrate.  Our  technique  involves  opening 
the  nitrogen  shutter  for  very  short  durations  so  that  the  nitrogen  atoms  already  on  the  substrate  surface 
do  not  get  bombarded  by  the  energetic  neutrals  from  the  plasma  source.  This  resulted  in  the  first  room- 
temperature  PL  (Fig.  5b)  from  an  InGaSb(N)  QW,  grown  on  GaSb.  This  is  an  incredibly  exciting  result 
that  indicates  that  dilute-nitride-antimonide  materials  are  excellent  candidates  for  extending  the  emission 
wavelength  of  mid-IR  diode  lasers.  Work  is  currently  underway  to  couple  these  new  growth  techniques 
with  the  high-performance,  2.8  pm,  InGaAsSb/InAlAsSb  active  region  that  we  have  developed,  to 
extend  the  emission  wavelength  >3  pm. 

Samples  were  grown  on  a  Varian  Gen  II  MBE  system  equipped  with  an  SVTA  rf  plasma  cell  as 
a  source  of  active  nitrogen.  The  plasma  conditions  were  monitored  using  optical  intensity  measurements 
and  the  plasma  power  was  controlled  to  keep  optical  intensity  constant.  Indium,  gallium  and  aluminum 
were  evaporated  from  conventional  solid  sources  and  antimony  was  supplied  from  a  valved  cracker 
where  the  cracker  temperature  was  kept  high  enough  to  ensure  the  formation  of  monomeric  antimony. 
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The  antimony  to  V/III  beam-equivalent  pressure  ratio  was  2.3x.  The  nitrogen  plasma  source  was  run  at 
an  rf  power  level  of  195  W  and  0.18  seem  nitrogen  flow  rate.  The  QWs  were  grown  at  a  substrate 
temperature  of  310°C,  which  we  found  to  maximize  the  incorporation  of  substitutional  nitrogen  (i.e. 
minimizing  the  formation  of  N-Sb  split  interstitials).  For  the  dilute  nitride  samples  the  plasma  was 
ignited  during  the  growth  of  the  GaSb  buffer  so  that  the  plasma  had  enough  time  to  stabilize.  During  the 
growth  of  the  InGaSb  QW  we  used  a  pulsed  nitrogen  technique  to  incorporate  active  nitrogen  into  the 
QW.  This  involves  opening  the  nitrogen  shutter  for  only  1  monolayer  in  the  middle  of  the  InGaSb  QW. 
Upon  opening  the  shutter  a  certain  dose  of  active  nitrogen  impinges  on  the  substrate  surface,  but  upon 
closing  the  shutter  we  eliminate  energetic  species  from  the  plasma  cell  reaching  the  substrate.  These 
energetic  nitrogen  species  could  potentially  promote  the  surface  segregation  of  the  nitrogen  atoms 
already  on  the  surface,  promoting  the  formation  of  Sb-N  split  interstitials  and  degrading  the  optical 
quality.  During  this  investigation,  we  have  developed  a  unified  model  for  the  origin  of  degradation  in 
optical  quality  in  all  dilute-nitrides  (nitride-antimonides  and  nitride-arsenides)  through  nitrogen  surface 
segregation  and  subsequent  formation  of  split  interstitials. 

Room  temperature  PL  was  used  to  characterize  these  samples.  A  diode-pumped  solid-state 
(DPSS)  laser  operating  at  532  nm  was  used  as  a  pump  source.  The  pump  laser  was  modulated  using  a 
chopper  wheel  and  the  PL  signal  was  collected,  collimated  and  sent  through  a  spectrometer  fitted  with 
an  InSb  detector  operating  at  77K.  The  voltage  signal  from  the  InSb  detector  was  connected  to  a  lock-in 
amplifier  to  perform  phase  sensitive  detection.  We  believe  that  by  further  exploring  this  growth 
parameter  space,  high-quality  dilute-nitride  active  regions  operating  in  the  mid-IR  region  can  be  realized. 

3.  Nanoparticle-Enhanced  Tunnel  Junctions 

Numerous  challenges  conspire  to  make  extension  of  the  lasing  wavelength  of  type-I  diode  lasers 
difficult  [2].  Dilute-nitride  active  regions  can  address  many  of  these  issues  (Auger  recombination, 
carrier  leakage,  etc.);  however,  a  complimentary  approach,  at  the  device  structure  level,  is  required  to 
mitigate  the  increase  in  optical  absorption,  with  wavelength,  by  free  holes.  This  is  particularly  important 
at  longer  wavelengths  as  the  Auger  recombination  rate  scales  as  the  cube  of  the  threshold  carrier 
concentration,  while  the  radiative  emission  scales  with  only  the  square  of  carrier  concentration. 
Therefore,  a  small  reduction  in  threshold  carrier  concentration,  due  to  optical  absorption,  can  greatly 
degrade  the  overall  performance  of  long-wavelength  lasers  -  far  more  than  from  simple  external 
efficiency  considerations. 

Figure  6  (a-d)  summarizes  our  general  approach  (described  in  detail  in  last  year’s  report),  to 
reduce  the  number  of  holes  in  the  laser  structure,  reducing  the  internal  loss  in  proportion.  Beginning 
with  the  standard  p-cladding  layer  employed  in  Ref.  [1]  (Fig.  6a),  we  systematically  reduce  the  number 
of  holes  and  absorption  loss  by  (Fig.  6b)  replacing  the  p-cladding  with  an  n-cladding  and  a  tunnel 
junction,  (Fig.  6c)  enhancing  the  tunnel  junction  with  ErSb  metal  nanoparticles,  and  (Fig.  6d)  straining 
the  thin  p-layer.  Figure  6e  summarizes  the  potential  >4x  reduction  in  absorption  loss,  with  what  have 
turned  out  to  be  conservatively  low  p-doping  densities. 
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Figure  6.  Mitigating  absorption  losses  in  the  p-type  cladding  of  GaSb-based  GaIn(N)AsSb/AlGaAsSb 
lasers,  (a)  Conventional  approach  of  a  p-doped  top  cladding  [1],  (b)  Replacing  the  p-cladding  with  an  n- 
cladding  and  a  p+/n+  tunnel  junction  reduces  the  loss  significantly  while  maintaining  virtually  identical 
electrical  characteristics,  (c)  Addition  of  ErSb  nanoparticles  at  the  tunnel  junction  interface  enhances 
tunneling  ~105x,  allowing  the  p-doping  to  be  reduced  substantially,  (d)  Straining  the  (thin)  p+  layer  in  the 
tunnel  junction  alters  the  energy  band  structure,  reducing  the  p-type  free  carrier  absorption  loss,  (e) 
Summary  of  (a)— (d)  showing  the  path  to  high-efficiency  mid-IR  laser  diodes. 


As  shown  in  Fig.  7.  we  have  demonstrated  the  first  ErSb  nanoparticle-enhanced  tunnel  junctions 

in  GaSb.  These  tunnel  junctions  are  sufficient  to  reduce  the  optical  loss  associated  with  the  p-type 

cladding  by  >10  cm"1  (>60%  of  internal  loss)  without  compromising  the  electrical  conductivity  (1 

kA/cm~  at  -0.25  V  bias),  even  for  a  more  conservative  p-doping  of  1x10  cm"  (5x  lower  than  in  the 

calculations  shown  in  Fig.  6).  Figure  7  plots  the  tunnel  junction  current-density  versus  voltage  for  ErSb 
nanoparticle-enhanced  GaSb-based  tunnel  junctions,  for  various  p-type  doping  concentrations. 
Additionally,  the  ErSb  nanoparticle  morphology  has  not  been  optimized  for  minimal  p-type  doping,  so 

further  reduction  in  the  required  doping  level  may  be  realized  by  utilizing  larger  nanoparticles. 


Voltage  (V) 

Figure  7.  Tunnel  junction  current  density,  versus  voltage  for  varying  doping  concentrations  in  GaSb  tunnel 
junctions,  enhanced  with  ErSb  nanoparticles.  Note  that  only  a  modest  p-doping  of  lxlO18  cm  3  (red  curve) 
is  required  for  low-resistance  tunnel  junctions. 
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4.  Development  of  an  AIGaAsSb/InGaAsSb  Laser  Prototype 

In  order  to  demonstrate  the  material  advantages  of  dilute-nitride  active  regions  and  ErSb 
nanoparticle-enhanced  tunnel  junction  claddings,  we  must  begin  with  a  high-quality  GaSb-based  laser  to 
function  as  a  testbed.  High-performance  AlGaAsSb/GalnAsSb  lasers  have  been  demonstrated  in  the  2-3 
pm  range  and  we  have  developed  and  grown  laser  structures  that  are  expected  to  yield  competitive 
device  performance,  while  still  being  compatible  with  dilute-nitride  and  ErSb  growth  [2J. 

Because  MBE  growth  is  generally  performed  in  the  group-V  stabilized  growth  regime  (where 
group-III  elements  have  unity  sticking  coefficients),  it  is  relatively  straight  forward  to  control  the  group- 
ill  alloy  compositions.  Unfortunately,  this  is  not  the  case  for  controlling  group-V  alloy  compositions, 
such  as  AlGaAsSb  and  InGaAsSb.  Several  methods  have  been  reported  as  possible  ways  for  controlling 
the  alloy  composition  but  an  exhaustive  study  with  a  meaningful  figure  of  merit  (such  as  laser  threshold 
density)  has  not  been  conducted.  Turner  et  al.  used  uncracked  Sb4  and  AS4,  in  order  to  control  the  As 
mole  fraction  the  Sb4  flux  was  varied  with  AS4  flux  held  constant  [3-5].  They  were  able  to  demonstrate 
-50  A/cm2  threshold  current  density  at  X~2  pm.  This  threshold  density  is  comparable  to  the  best 
observed  quantum  well  laser  results  on  any  material  system.  Wagner  and  Weimann  utilized  cracked  Sbo 
and  As2  with  a  constant  Shi  flux  sufficient  to  group-V  stabilize  the  growth  surface  and  controlled  the  As 
and  Sb  mole  fractions  by  adjusting  the  As2  flux  [6-8].  They  were  able  to  realize  150  A/cm  threshold 
density  with  wall-plug  efficiency  of  23%  at  X-2.26  pm  and  room  temperature  cw  operation  with  > 
240mW  output  power.  Kaspi  et  al.  report  a  method  based  on  digital  modulation  of  As  flux  where  the 
duty  cycle  controls  the  As  incorporation.  They  found  the  incorporation  of  As  and  thus  the  lattice 
mismatch  was  much  less  sensitive  to  the  As  flux  in  this  case.  Wen  Wang’s  group  at  Columbia 
University  implemented  this  technique,  along  with  tensiley-strained  barriers,  to  demonstrate  X  -  2.38  pm 
lasers  that  operated  in  cw  mode  up  to  >100  C,  with  room  temperature  threshold  of  150  A/cm"  [9].  This 
plethora  of  potential  approaches  for  controlling  the  As  and  Sb  mole  fractions  comes  from  the  two 
incorporation  mechanisms  for  As  in  GaSb-based  alloys.  Because  of  the  excess  group-V  flux,  there  is 
direct  competition  for  group-V  sites.  In  addition,  the  Ill-Sb  bond  is  relatively  weak.  This  results  in  an 
As-for-Sb  exchange  reaction  which  enhances  the  As  incorporation  [10,  11].  The  component  from  the 
exchange  reaction  is  exponentially  dependent  on  temperature,  but  also  depends  on  As/Sb  flux  ratio  and 
group-III  growth  rate.  Because  the  alloy  composition  depends  on  growth  temperature,  group-III  growth 
rate,  group-V  overpressure,  and  flux  ratios,  an  exhaustive  study  of  optical  quality  over  the  entire 
parameter  space  requires  a  prohibitive  number  of  growths.  We  have  restricted  our  investigation  to  low 
substrate  temperatures  for  future  integration  with  dilute  nitride  active  region. 

The  basic  laser  structure  that  we  will  be  implementing  consists  of  claddings  of 
Alo.9Gao.1Aso.07Sbo.93,  separate  confinement  regions  and  barriers  of  Alo.23Gao.42Ino.35Aso.32Sbo.68  and 
multiple  QWs  of  Ga0.54lno.46AsySbi_y.  Calibrations  for  each  alloy  have  been  performed. 
Photoluminescence  (PL)  spectra  for  an  AlGaAsSb/GalnAsSb  quantum  well  structure  grown  at  different 
substrate  temperatures  are  shown  in  Fig.  8.  We  incorporated  3  monolayer  layers  of  GaSb  between 
cladding  and  core  regions  in  order  to  allow  us  to  change  group-III  temperatures  to  yield  the  desired  alloy 
composition.  This  is  not  necessary  between  the  barrier  and  quantum  wells,  as  the  Ga  and  In  alloy 
compositions  have  been  chosen  to  only  require  variation  of  the  group-V  flux  between  the  two  layers. 
This  is  accomplished  by  changing  valve  positions  and  requires  only  a  few  seconds. 
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Figure  8.  Room  temperature  photoluminescence  spectra  of  single  quantum  well  with  varying  growth 
temperature.  Please  note  that  the  high-energy  shoulder  is  caused  by  atmospheric  effects. 

Development  of  the  laser  structure  is  completed.  Lattice-matching  of  the  quinary  barrier  material 
was  accomplished  in  a  manner  similar  to  that  of  Wagner  and  Weimann  by  growing  with  a  constant  Sb 
flux  that  is  above  stoichiometry  and  adjusting  the  As  incorporation  with  the  As/Sb  flux  ratio.  In  order  to 
demonstrate  the  improved  waveguide  loss  with  integration  of  the  nanoparticle-enhanced  tunnel  junctions, 
lattice-matched  claddings  have  been  developed  in  a  similar  manner. 

By  demonstrating  reduced  absorption  loss  at  even  relatively  short  wavelengths  (-2.8  pm),  we 
will  be  able  to  observe  the  potential  of  these  tunnel  junction  claddings  directly  by  measuring  internal 
loss  and  threshold  density  of  a  laser.  The  benefit  of  removing  a  significant  number  of  holes  from  the 
cladding  will  only  increase  with  the  emission  wavelength  of  the  laser  active  region  (e.g.  as  we  add 
nitrogen),  as  intervalance  band  absorption  increases  with  the  square  of  the  emission  wavelength. 
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